In 1965, Lloyd and Redwood predicted the existence of a new guided mode of wave propagation in solid-fluid-solid trilayers ͓Acustica 16, 169-173 ͑1965͔͒. In this so-called fluid mode, the two solid plates flex sideways in a symmetric way while the fluid in the thin gap between them is squeezed forward and backward parallel to the direction of wave propagation. This mode is slower than the lowest-order bending mode of the plates and asymptotically approaches the StoneleyScholte mode of the solid-fluid interface at high frequencies. While the other modes of the solidfluid-solid trilayer are very similar to the free vibrations of the free solid plates which are only slightly perturbed by the fluid coupling between the plates, the fluid mode cannot be related to any classical Lamb mode in the plates. It is shown in this paper that at low frequencies the fluid mode is truly a coupled vibration of the solid and the fluid, which contribute the stiffness and the inertia, respectively. The highly dispersive phase velocity of this mode was measured over a frequency range of one decade by using a laser interferometric technique. The experimental results were found to be in good quantitative agreement with the theoretical predictions. To the best of our knowledge, these measurements constitute the first conclusive experimental evidence of the existence of the dispersive fluid mode predicted by Lloyd and Redwood.
INTRODUCTION
The problem of guided waves in solid-fluid-solid trilayers has been studied in great detail both theoretically and experimentally. Lloyd and Redwood were the first to investigate guided wave propagation in a layered plate composed of two solids with perfect contact, slip, or a fluid layer at their interface.
1 Cherif et al. studied the acoustic reflection coefficient of aluminum-water-Plexiglas trilayers at normal incidence.
2 Couchman et al. 3 and Guyott and Cawley 4 reported on the phenomenon of resonance splitting, or the formation of doublets in the vicinity of classical Lamb modes, in symmetrical trilayers. Laperre and Thys investigated elastic wave dispersion in both symmetric and asymmetric trilayers composed of two solid plates separated by a fluid layer. 5 The related problem of solid trilayers has been also extensively investigated because of its practical importance in numerous applications. A number of papers have appeared on the use of trilayers as antireflection coating. [6] [7] [8] Other works concentrated on the development of a nondestructive ultrasonic test for adhesively bonded plates. [9] [10] [11] [12] [13] [14] [15] It was shown that several properties of the adhesive layer, such as its cohesive strength, can be extracted from reflection or transmission experiments and from guided wave dispersion. Figure 1 shows a symmetric trilayer composed of a thin fluid film between two identical, isotropic, and homogeneous plates. The main goal of this paper is to experimentally investigate the dispersive fluid mode in this structure. This mode was first predicted by Lloyd and Redwood based on numerical analysis of the dispersion equation more than 30 years ago.
1 They presented the phase velocities and particle displacements of various modes of propagation at different frequencies. Figure 2 shows the normalized phase velocity (c x /c T ) versus normalized frequency (2h/c T ) dispersion curves for the seven lowest-order guided modes of the structure, where c x is the phase velocity of the guided mode, c T is the shear velocity in the plates, h is the half-width of the plates, and is the angular frequency. The material properties and dimensions were taken from the original paper of Lloyd and Redwood. 16 We are going to investigate only the lowest-order symmetric mode, which is indicated by the arrow and called the ''fluid'' mode. Lloyd and Redwood reported the existence of this new and unique mode of wave propagation in the case of two identical plates with a thin fluid layer between them. They also pointed out some of its main features, including the dominantly transverse vibration of the plates combined with the dominantly longitudinal motion of the fluid between them and the resulting very slow and strongly dispersive phase velocity, but did not explore its physical nature in greater depth. A mode with similar characteristics has been predicted by Franklin in the case of a fluid layer between an elastic plate and a solid substrate. 17 Recently, Coulouvrat et al. further investigated the existence of global symmetric and antisymmetric guided waves propagating in solid-fluid-solid trilayers. 18 They presented approximate analytical expressions for the case of a thin and compliant fluid layer and confirmed the previously reported phenomena of resonance splitting and formation of doublets for moderately thin liquid films and they also confirmed the existence of the slow ''fluid'' mode of wave propagation first reported by Lloyd and Redwood.
In order to gain better understanding of the physical behavior of the lowest-order symmetric mode, we will first examine the low-frequency asymptotic dispersion equation 18 of this intriguing mode and cast it into a form that better separates the contributions of the solid and fluid constituents. Then we will present a simple physical model to derive the same low-frequency asymptotic dispersion equation and to better illuminate the physical nature of the fluid mode in this range. In order to emphasize how the flexing plates squeeze the fluid through the narrow gap between them, we will refer to the highly dispersive low-frequency asymptote of the fluid mode as the ''squirting'' mode. Finally, the existence of the fluid mode will be confirmed by experimental measurements over a wide frequency range. To the best of our knowledge, this mode has been predicted from theoretical investigations only but has never been experimentally observed before.
I. LOW-FREQUENCY ASYMPTOTIC BEHAVIOR OF THE FLUID MODE
The schematic diagram of a symmetric trilayer composed of a thin fluid film between two identical, isotropic, and homogeneous plates was previously shown in Fig. 1 . The two plates have the same thickness of 2h and are composed of the same material, characterized by density s , shear wave velocity c T , and longitudinal wave velocity c L .
The density, sound velocity, and thickness of the fluid layer are f , c f , and d f , respectively. The z direction is chosen along the thickness of the plates which are infinite in the perpendicular x and y directions. For symmetry purposes the origin of the coordinate system is chosen at the center of the fluid layer.
The dispersion equation of such a system can be obtained from the boundary conditions that must be satisfied by the stresses and displacements at each fluid-solid and vacuum-solid interface. For this particular case of interest this would result in a 10ϫ10 matrix system. The vanishing determinant of this system gives the desired dispersion equation. However, symmetry can be exploited to reduce the size of this matrix system and to obtain a relatively simple closed-form expression for the dispersion relation. The dispersion equations of the symmetric and antisymmetric modes are, respectively, given by Eqs. ͑4͒ and ͑5͒ in Ref. 18 . It must be emphasized that symmetry or antisymmetry is global with respect to the center of the fluid layer. The displacements inside each plate individually obey no symmetry or antisymmetry relation with respect to the center of the plate. The special mode we are focusing on is the low-frequency asymptote of the lowest-order symmetric mode, i.e., the fluid mode. Coulouvrat et al. derived an explicit low-frequency approximation for the phase velocity of this mode by asymptotic expansion of the exact dispersion equation. For convenient comparison to our later results we include their equation here:
where k x ϭ/c x is the wave number in the x direction and k T ϭ/c T is the wave number of the shear wave in the plate. In its current form, Eq. ͑1͒ seems to imply that the density of the plates plays a role in determining the propagation characteristics of this mode. However, this appearance is just an artifact caused by the normalization process based on the shear wave number in the solid, k T ϭ/c T ϭͱ s /, where is the shear modulus of the solid. Substituting this expression for k T along with the ratio between the shear and longitudinal velocities in the solid 1Ϫc T 2 /c L 2 ϭ1/(2Ϫ2) expressed in terms of Poisson's ratio , we arrive at the following expression for the phase velocity:
where E denotes Young's modulus. Equation ͑2͒ is equivalent to Eq. ͑1͒, however, it has the advantage of better elucidating the physical nature of the mode it represents. It clearly shows that this mode depends on the stiffness of the plates and the density of the liquid film between them. On the other hand, the mode does not depend on either the density of the solid or the bulk modulus of the fluid. According to Eq. ͑2͒, the phase velocity is not simply a function of the fluid mass over a unit area since the fluid density is not multiplied but rather divided by the thickness of the fluid layer.
Later, we will demonstrate that this intriguing feature is due to the squirting effect of the thin gap between the plates, which accelerates the fluid more and more as the gap narrows. In the next section we proceed to further investigate the physical nature of this mode and we derive Eq. ͑2͒ from an independent physical approach.
II. PHYSICAL MODEL FOR THE SQUIRTING MODE
The squirting mode of a thin fluid layer bounded by two thin solid plates corresponds to longitudinal ͑along the x direction͒ vibrations of the fluid caused by the symmetric transverse vibrations of the plates. This interpretation of the mode agrees with the displacement profiles presented by Lloyd and Redwood ͑see Fig. 4b in Ref. 1͒. It also implies that as the two plates undergo small symmetric transverse vibrations in opposite directions they force the fluid in the very thin gap between them to experience a much larger displacement in the longitudinal direction, hence the name ''squirting'' mode. Based on this simple physical model, we present the following derivation that leads to Eq. ͑2͒ starting from the basic principles of strength of materials and fluid mechanics.
Let us consider again the solid-fluid-solid trilayer shown in Fig. 1 . We will start from the well-known differential equation governing the bending deformation of a plate:
where w is the transverse displacement in the z direction and p denotes the fluid pressure. The balance of momentum equation for the fluid can be written as
where u denotes the longitudinal displacement of the fluid. In order to relate the longitudinal motion of the fluid to the transverse motion of the plate we can exploit the continuity equation for incompressible fluid
Combining Eqs. ͑3͒-͑5͒ yields the following wave equation:
For harmonic vibrations of the form wϭAe͓i(k x xϪt)͔, we can obtain the dispersion equation by substituting ‫ץ‬ 6 w/‫ץ‬x 6 ϭϪk x 6 w and ‫ץ‬ 2 w/‫ץ‬t 2 ϭϪ 2 w into Eq. ͑6͒, which leads to
Rearranging this equation to obtain the phase velocity c x ϭ/k x of the squirting mode as a function of frequency leads to Eq. ͑2͒. Figure 3 shows the phase velocity of the fluid mode plotted as a function of frequency for the case of two 5-mmthick aluminum plates bordering a 1-mm-thick water layer. The shear and longitudinal wave velocities in aluminum were taken as c T ϭ3100 m/s and c L ϭ6380 m/s, respectively, while the density of aluminum was taken as s ϭ2800 kg/m 3 . The sound velocity in water was taken as c f ϭ1470 m/s, and its density as f ϭ1000 kg/m The dotted line represents the low-frequency asymptote given by Eq. ͑2͒. We notice the improvement in the agreement between the exact dispersion curve of the fluid mode and the asymptotic squirting mode as the frequency gets smaller and smaller. At very high frequencies the fluid mode approaches the Stoneley-Scholte interface wave velocity which is represented by the dash-dot-dash line in Fig. 3 .
True Rayleigh and Lamb waves are free vibrations of the solid. In the typical cases of high solid-to-fluid density ratio, the phase velocities of these modes are but slightly affected by fluid loading though they become attenuated by leakage into the fluid. On the other hand, the StoneleyScholte mode along a fluid-solid interface is essentially the vibration of the fluid side, which is but slightly perturbed by the existence of the solid. In comparison, the low-frequency squirting mode is a truly coupled vibration of the solid and fluid constituents. It is supported by the stiffness of the solid plates and the inertia of the fluid layer between them and is not just a weak perturbation of the fundamental mode of one of the constituents as is the case for leaky Rayleigh and leaky Lamb waves and the Stoneley-Scholte wave. This feature is also characteristic to the well-known lowest-order bending mode in a submerged plate. 19 The radiation impedance caused by fluid loading of the plate is pure real for leaky ͑supersonic͒ modes and pure imaginary for true ͑subsonic͒ ones, such as the lower branch of the flexural mode. At low frequencies, the vibrating mass of the fluid represented by this pure imaginary radiation impedance becomes much larger than the plate's own inertia. A combination of the stiffness of the plate and the radiation inertia of the fluid results in a dispersion behavior rather similar to that of the squirting mode. At very low frequencies both modes have very small phase velocities while at high frequencies both asymptotically approach the Stoneley-Scholte velocity. However, at low frequencies the phase velocity of the lowest-order bending mode in a submerged plate is proportional to 3/5 vs 2/3 for the squirting mode. It is worth mentioning that Desmet et al. recently reported the experimental observation of the lowest-order bending mode of a thin membrane loaded by fluid on one side by using thermoelastic generation and optical detection based on laser beam deflection. 20 Whenever an acoustic mode propagating in a fluid-solid structure produces large relative motion between the fluid and solid constituents the viscosity of the fluid is expected to assume a crucial role. The primary effect of viscosity is usually to cause significant, sometimes prohibitive, attenuation combined with a less significant effect on the velocity. In order to assess the attenuation of the fluid mode caused by fluid viscosity, we adapted the numerical technique recently developed to study the effects of fluid viscosity on leaky Lamb waves. 21 We found that the fluid mode is much more attenuated by the viscosity of the fluid than the other modes because of the very large relative motion of the fluid with respect to the solid plates. However, the most important conclusion we can draw from these calculations is that, in spite of its relative sensitivity to fluid viscosity, the attenuation of the fluid mode is quite low. For water, the predicted attenuation coefficient is approximately 2 dB/m between 15 and 150 kHz and is not expected to affect our experimental efforts to observe the fluid mode.
III. EXPERIMENTAL TECHNIQUE AND RESULTS
As we have pointed out before, the low-frequency fluid mode in a solid-fluid-solid trilayer is unlike the well-known modes of wave propagation of fluid-solid layered structures ͑e.g., leaky Rayleigh, leaky Lamb, and Stoneley-Scholte modes͒ in the sense that it is not associated dominantly with one of the constituents of the structure while only weakly perturbed by the presence of the other. On the contrary, it is a mode that couples the fluid and the solid in an interesting way. The solid plates contribute their stiffness to this mode while the fluid layer provides the necessary inertia. Consequently, this mode can be effectively generated and detected from either the solid or the fluid component of the trilayer system. We have taken advantage of this fact in designing an experimental setup to measure the phase velocity of the fluid mode. Figure 4 shows the schematic diagram of the experimental arrangement. A damped 200-kHz ultrasonic immersion transducer is used as a transmitter to shake the water filling the thin gap between the two aluminum plates. The transducer is excited by a 300-s-long tone-burst signal generated by a function generator that is also used to trigger an oscilloscope which displays the rf signal that can be acquired by a computer for further processing. The vibrations generated in the trilayer structure are detected from the outside using a Polytec OFV 302 Helium-Neon laser interferometer. An SRS 530 tracking filter was used to prefilter the signal acquired by the interferometer before digitizing by a LeCroy 9410 oscilloscope.
The geometry of the aluminum-water-aluminum trilayer arrangement is shown in Fig. 5 . It consists of two 610ϫ152ϫ2.286-mm aluminum plates separated by two 610ϫ63.5ϫ0.762-mm aluminum shims. The plates are put together as one unit by a series of screws along the two longer edges of the specimen. The gap between the two plates that can be filled with water is only 25-mm wide and its actual thickness as measured by ultrasonic transmission at 5 MHz was 0.8175 mm on the average, approximately 7% larger than the thickness of the separator shims. The reduction in the width of the water layer was necessary to restrain sideways water motion thereby simulating the infiniteness in the theoretical model in the lateral direction. The whole arrangement was sealed using silicone rubber.
The fluid mode was generated by an immersion transducer on the fluid side and detected after different propagation distances by a laser interferometer on the outside on one of the solid plates. Transmission measurements through the whole length of the specimen were also attempted by means of a second immersion transducer mounted at the other end, but resulted in much less accurate results due to the interference between the fluid mode and faster spurious structural vibrations that coupled the two transducers. With the interferometric technique the propagation length could be continuously changed, which resulted in a better suppression of these interferences and consequently higher experimental accuracy in the frequency range of interest. Figure 6 shows examples of typical rf signals detected in the dispersion experiment at a point 83 mm away from the transmitter at 11 different frequencies. As the frequency is decreased, the rf signal becomes longer and longer in the time domain, which itself is an obvious indication of dispersion. In order to accurately measure the phase velocity of the fluid mode as a function of frequency, individual measurements were performed by detecting the normal vibration of the plate at different points on the plate above the water layer by the interferometer at specific frequencies. A peak was identified in the detected rf signal and monitored in the time domain as the detection point was moved through a larger distance ͑50-100 mm͒ in numerous small ͑2-5 mm͒ steps in order to assure that the same peak was followed. The phase velocity of the fluid mode was then determined as the ratio of the total propagation distance to the accumulated propagation time. Figure 7 shows the results of the phase velocity measurements superimposed on the theoretically calculated dispersion curve of the fluid mode. The experimental error of our measurements, which is mainly limited by the previously mentioned spurious interferences, is estimated at Ϯ7%. This uncertainty is indicated by error bars in Fig. 7 . Considering the numerous technical difficulties associated with the measurement, the agreement between the experimental and theoretical results is quite good.
IV. CONCLUSIONS
The low-frequency fluid mode in symmetric solidfluid-solid trilayers is a special mode of wave propagation in which the two plates flex sideways in opposite phase thereby forcing the fluid in the thin gap between them to undergo large displacements in the longitudinal direction. This is a unique mode which cannot be associated with any of the free Lamb modes in a single plate. A simple physical model that provides a better insight into the physics of this mode was presented. Based on this model, we derived from first principles the low-frequency asymptote of this mode. It was shown that in this range the fluid mode can be described as a squirting motion produced by the flexing plates squeezing the fluid through the thin gap between them. Exploiting the fact that this mode could be excited and detected from both the solid and fluid constituents of the trilayer structure, a dispersion experiment was designed to measure its phase velocity as a function of frequency. An ultrasonic immersion transmitter and a laser interferometric receiver were used to study the fluid mode over a wide frequency range. The experimentally measured phase velocity values turned out to be in good agreement with those predicted by theory. To the best of our knowledge, these measurements constitute the first conclusive experimental evidence of the existence of the dispersive fluid mode originally predicted by Lloyd and Redwood in 1965. 
